Abstract-This paper provides steady-state and transient analysis of the equivalent circuit of the 1 MWh battery tied to the grid for wind integration. It also discusses the installation of a 1 MWh battery system at Reese Technology Center (RTC) in Lubbock, Texas. The research involves deploying energy storage devices for application with wind turbine model to understand the transient behavior of the system under three phase fault conditions. A 1 MW/1 MWh battery storage system at the RTC is connected to the South Plains Electric Cooperative (SPEC) grid. The batteries are used for energy storage and for mitigation of transient conditions grid dynamics. In this paper, the equivalent circuit of the 1 MWh battery is modeled in PSCAD and analyzed for its charge and discharge characteristics under transient fault conditions when it is tied to the grid for wind integration.
I. INTRODUCTION

W
ITH the advancements in energy technologies, energy storage devices can be used to overcome the fluctuations in output power from renewable sources connected to grid. An energy storage system (ESS) helps in achieving good reliability, high efficiency, improved system utilization and load factor and reduced output fluctuations [1] .
These storage devices store energy and deliver based on the demand resulting in an uninterrupted supply of power within the limits of the storage capacity of the battery. The devices can operate for a period of time ranging from minutes to months. With respect to grid applications, the flywheel based energy storage system (mechanical) provides stability and improved power quality to the wind farms [2] . Super capacitors have the capability to buffer the instantaneous output power of a wind farm. The use of these storage devices is limited because of their high cost and low capacity [3] . Consequently, among all the aforementioned various types of storage devices, the battery storage system (electro-chemical) has emerged as a clear winner because the chemical energy stored in them can be converted in to electrical energy and transmitted into the electrical system depending on the demand and requirement. A battery energy storage system (BESS) provides fast frequency regulation, load following, ramping services, uninterrupted power supply and reduced output fluctuations. Given the right battery chemistry and inverter technology a BESS can inject or withdraw energy to and from the grid within a fraction of a second. Its main function is to provide active power to the system [4] , [5] .
With the advancements in technology the rated power and capacity of the BESS has gone up to 100 MWh. Its power system applications include load and energy management, power factor correction, spinning reserve, etc. The components of BESS include the battery pack, battery management system, bidirectional ac/dc converter and the control unit [3] .
In the U.S, Texas (TX) has the highest installed wind energy generation capacity. Implementation of several battery storage systems in Texas would lead to enhanced wind power utilization by electric grid operators. The Reese Campus (RTC) in Lubbock, TX has favorable factors for a pilot test installation of a BESS, such as unique load configuration, opportunity to study networks on a system with real loads, and the space to add future solar and/or other renewable resources with time. The facility has all the needed atmospheric observational assets to monitor wind, temperature and radiation variability. This underlying factor has motivated Texas Tech University (TTU) in collaboration with the Center for Commercialization of Electric Technologies (CCET) and Group NIRE (GNIRE) to deploy the battery system at RTC.
The essential need for battery modeling is due to factors such as predicting and extending the life time of the battery. Different models have developed over the years based on mathematical, electrochemical and electrical equivalent of the battery.
The models play an important role in computing lifetimes, specific discharge profiles, battery runtime, efficiency, or capacity. There have been electrical models of batteries developed for different cell chemistries such as lead-acid, Li-ion, sodium sulphur batteries, etc. The different models are tabulated and compared as shown in Table I . The models were compared based on the parameters from battery design and performance estimation to circuit simulation [6] .
This paper provides a detailed review of the available electrical equivalent circuit models in Section II. Section III describes the deployment of the battery system at Reese by Texas Tech 0093-9994 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. University. Section IV discusses the modeling and simulation results of the 1 MWh battery module and wind turbine module connected to the grid. Section V concludes the paper. Section VI describes the future work.
II. BATTERY MODELS
The different types of battery models available are as follows:
A. Electrical Equivalent Circuit Models
1) Thevenin Battery Model:
This model is also called onetime constant (OTC) model. This is a very primitive, basic model which has disadvantages, such as not being very accurate since all of its elements can change their value depending on the condition and state of the battery and the battery shows a big difference between the short time and the long time transient behavior. All these factors lead to the reason the dynamic characteristics cannot be represented very accurately described by this model [7] .
2) PNGV Model: The model is based on the Thevenin model to describe the changing of open circuit voltage generated during the accumulation of load current [8] .
3) Linear Electric Model: This model is more accurate than the Thevenin model but still the components must be "replaced" as the state of the battery changes [9] .
4) Nonlinear Electric Model:
This model is also called RC model. The model has voltage dependent functionality and temperature dependent multiplier that has been tested successfully in conjunction with both lead-acid and Nickel-Cadmium batteries [9] .
5) Dual Polarization (DP) Model:
It is also called two-time constant model (TTC). The difference between concentration polarization and electrochemical polarization leads toan inaccurate simulation during the end of charge or discharge [8] , [9] .
To give more flexibility to the OTC model, the DP model refines the description of polarization characteristics, and simulates the concentration polarization and the electrochemical polarization separately. The basic circuit is given in Fig. 1 . Equations (1)- (3) are used to derive the equivalent circuit parameters [8] 
where U oc is the open-circuit voltage, R o is the ohmic resistance, R pa is the polarization resistances, R pc is the effective resistance characterizing concentration polarization, C pa and C pc are the effective capacitances to characterize the transient response during power transfer to and from the battery, U pa and U pc are the voltages across C pa and C pc , respectively, I pa and I pc are the outflow currents of C pa and C pc , respectively [8] . It is referred in [8] that based on good dynamic simulation results, DP model is more suitable for the modeling of lithiumion batteries. The circuit model presented in Fig. 1 power, and it would eventually expand to include more wind turbines to produce 3.6 MW [10] . A 1 MWh, grid connected storage battery will be installed at the RTC to work in connection with approximately 2.6 MW of wind at the site. The battery would optimize the energy flow between the wind farm and the utility grid (Hurlwood Substation). The 2.6 MW wind project deployed at RTC is providing power to retail customers at the Hurlword Substation. At times the 2.6 MW wind facility will supply all energy necessary to meet the demands of the Hurlwood electric load.
The BESS will utilize a deep-cycle Lithium Manganese Oxide (LMO) battery for use in renewable energy applications. The battery will be connected via a bi-directional converter through a transformer to the main grid. The energy produced by wind energy is intermittent, so the battery acts as a backup storage unit to supply power to the main grid at peak demand times which often coincide with low instantaneous wind power generation.
The battery is connected at the 12.47 kV medium voltage level, and it can be charged or discharged by the bi-directional converter as shown in Fig. 2 to manage power flow into the grid.
Initially the models for the battery, the wind turbines, and the utility network from RTC to the substation have to be created in PSCAD to lay out a test bed to monitor the performance of the battery under several operating conditions such as:
• offset load management-charging the battery during the hours of high wind and discharging the battery during the period of high load (Peak load shaving).
• ramp operation-use the battery to supply energy when wind speed drops.
• frequency response-request all the energy from the battery in the minimum time.
IV. MODELING AND SIMULATION RESULTS
The basic building block of Energy Storage System, modules, are formed by configuring the cells in series. To obtain a 1 MWh battery an operating voltage of 760 V to 1053 V with a The battery is charged to 1053 V and made to discharge slowly and made to exponentially roll off at 3600 s. The expression for the controlled voltage source is given by (4) [12] Instead of stacking the cells, which to some extent increase the node compatibility in PSCAD, the equivalent circuit of the battery for the 1 MWh battery is modeled as in Fig. 3 , using (1)- (3) and analyzed for the battery discharge characteristics for the resistive load. The Open circuit voltage, U oc is set to the maximum voltage as 1200 V. Voltages across C pa , U pa and Voltages across C pc , U pc are measured to be 0.5 V and 250 V, respectively. The I L is measured to be 1050 A and R o is 0.2 ohm. Plugging in these values in (3), the value is calculated to be 739.5 V which is the minimum operating value for the battery to operate that is achieved at 3600 s. The battery is charged to 1053 V and made to discharge slowly and made to roll off at 3600 s at 1C rate as shown by Battery voltage, Eb in Fig. 4 . A C-rate is a measure of the rate at which a battery is discharged relative to its maximum capacity [13] . The battery operates until the minimum SOC level (760 V) at 1C which means that battery discharge at a constant current of 1200 A until minimum state of charge (SOC) of the battery in 1 hour. The current across the resistive load is also found to be discharging slowly from 1200 Ah as shown by Battery current, Ix in the Fig. 4 . The battery is made to operate based on the control algorithm as shown in Fig. 5 .
Based on the control algorithm shown in Fig. 5 the battery is charged to its full capacity of 1053 V through the DC voltage source. The battery is made to discharge at 1 C rate (1200 Ah) through a resistive load until the minimum SOC level below which the battery is made to exponentially roll off. The Fig. 6 shows the implementation of the controls in PSCAD, based on the (4).
A. Battery Connected to Grid
The constructed equivalent circuit of the battery is tied to the grid system at 12.5 kV operating at 60 Hz, through the inverter (switching at 750 Hz) as in Fig. 7 . The vector control method is used to fire the IGBT switches of the converter. The converter acts both as inverter (dc to ac) and rectifier (ac to dc) to enable bi-directional energy flow between grid and battery. With reference to the vector control assembly in [14] the implication with vector controls is used to simulate the grid tie battery system for voltage and current control.
The voltage from the grid is obtained and the V a , V b and V c are transformed into dq values using the following equations [15] :
The current is also obtained from the grid and the I a , I b and I c are transferred into I d and I q . The obtained d q values are fed into the vector control as shown in Fig. 8 . The phase locked loop [16] , is used to control the angle between the inverter and the grid and considerably change angle between grid side and inverter side voltage to enable the battery charge and discharge characteristics. Simulating the test bed in Fig. 7 , the battery is charged from 850 V to 1150 V at 3600 s at 1C rate as shown by Battery voltage, Edc and at current of 1200 Ah as shown by Battery current, Ix in the Fig. 9 .
Similarly the battery discharge is observed from 1050 V to 760 V at 3600 s at 1C rate as shown by Battery voltage, Edc and at current of 1200 Ah as shown by Battery current, Ix in the Fig. 10 . The simulation results observed at the grid are shown in Fig. 11 with voltage and current waveforms.
The Fig. 12 shows the simulation data compared to the experimental cell data of a 4.12 V, 60 Ah of a Lithium Manganese Oxide (LMO) single cell. 
B. Wind Turbine Connected to Grid
A wind turbine (synchronous generator) is modeled for 1.7 MW power produced with a constant mean wind speed (13 m/s) and is connected to the grid at 12.5 kV. The wind source component is used by not taking the gust wind, ramp wind and noise wind components into consideration. The damp wind fluctuations are also ignored. The wind turbine component used in the simulation is rated at 1.7 MW. The machine rated angular mechanical speed is calculated to be 3.77 rad/s. The number of pole pairs used is 100. The rotor radius and rotor area are 31.77 m and 3171.2 m 2 , respectively. The air density is considered to be 1.225 kg/m 3 with the gear ratio as 1. The wind turbine governor component shown in the Fig. 13 has the variable pitch control enabled with rated electrical efficiency frequency of the machine as 3.7716 rad/s. The synchronous generator used in the simulation is rated for voltage of 0.69 kV and current at 821.25 A. The proportional gain and integral gain values of the PI regulator parameters are 6.2 degree/pu. The speed damping parameters are set to zero. The blade actuator parameters has the pitch angle lower limit and pitch angle upper limit set to be 0 and 25 degree, respectively. Fig. 13 shows the wind turbine model configuration where the electrical power created by the synchronous generator is diode rectified to dc, switched into three-phase AC with a thyristor invertor and connects to the grid via a step-up transformer [17] . Fig. 14 shown below presents the performance of the above model operating at 1.7 MW capacity under steady-state wind operation. The parameters such as turbine power (1.7 MW), active power (1.5 MW), reactive power (≈0 MW), electric torque (490 k NM) and mechanical speed (3.4 rad/s) are observed from simulation.
The simulation results observed at the grid are shown in Fig. 15 with voltage and current waveforms.
The Fig. 2 is described in detail as shown in Fig. 16 .
C. Fault Analysis on the Wind and Battery Grid System
The system shown in Fig. 16 is constructed as modules and built with PSCAD as shown in Fig. 17 . Fig. 7 is built as "Battery" module which includes the converters and has the three phase output "BO" connected to the grid. Fig. 13 is built as "Wind_Turbine" module and the three phase output "WO" is connected to the grid. The three phase voltage source model in PSCAD is used as a grid. The transient analysis is conducted by simulating the system in Fig. 17 and injecting the three phase faults to determine how the components will perform. A three phase fault was introduced into the system for a 20-s interval beginning at the 100-s time and the corresponding effects on battery and wind module are shown in Figs. 18 and 19, respectively.
The battery current Ix increases during the fault and the Battery voltage, Edc has dropped during the fault as shown in Fig. 18 .
As shown in Fig. 19 the application of the three phase fault has led to the following effects such as turbine power drop, active power of generator drop, increase in mechanical speed of turbine, increase in reactive power of generator, decrease in electric torque of generator. The simulation results due to the fault near the grid are shown in Fig. 20 which is zoomed in to observe the drop in grid voltage and very high increase in grid current as shown in Fig. 21 .
V. CONCLUSION
This paper has addressed the various existing electrical equivalent battery models and has deployed the Dual Polarization (DP) model in modeling and simulation. The deployment of the wind project at RTC, which is going to be operated by a utility company, has been described in detail. The battery storage unit would enhance the integration of renewable energy and lead to reduction in cost through effective peak load shaving, ramp rate and frequency stabilization. The paper has presented the simulation results on the modeling of a battery system module and wind turbine module when it is connected to the grid, with the aim to understand the steady-state and transient fault operating conditions of the modules and the system as a whole. The analysis and results on the built system has its research focus to optimize energy flow for the battery, the wind farm, and the utility grid, energy management for storage, battery performance, energy dispatch and reliability. 
VI. FUTURE WORK
With the proposed system in Fig. 2 modeled in PSCAD software, the following analysis and monitoring task can be carried out and compared with experimental results. The parameters, such as ramp rate and frequency, have to be observed for grid stabilization. The performance of the battery will be monitored as a function of the SOC, temperature, and the number of charge and discharge cycles. This also includes how well the energy flow is managed, in addition to how the transients and faults affect the battery. The response of the battery to steady-state and transient requirements will also be monitored. The reliability of the battery as a function of performance will be determined.
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